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The most sophisticated survival strategy Bacillus subtilis employs is the differentiation of a
subpopulation of cells into highly resistant endospores. To examine the expression patterns of non-
sporulating cells within heterogeneous populations, we used buoyant density centrifugation to
separate vegetative cells from endospore-containing cells and compared the transcriptome proﬁles
of both subpopulations. This demonstrated the differential expression of various regulons.
Subsequent single-cell analyses using promoter-gfp fusions conﬁrmed our microarray results.
Surprisingly, only part of the vegetative subpopulation highly and transiently expresses genes
encoding the extracellular proteases Bpr (bacillopeptidase) and AprE (subtilisin), both of which are
under the control of the DegU transcriptional regulator. As these proteases and their degradation
products freely diffuse within the liquid growth medium, all cells within the clonal population are
expected to beneﬁt from their activities, suggesting that B. subtilis employs cooperative or even
altruistic behavior. To unravel the mechanisms by which protease production heterogeneity within
the non-sporulating subpopulation is established, we performed a series of genetic experiments
combined with mathematical modeling. Simulations with our model yield valuable insights into
how population heterogeneity may arise by the relatively long and variable response times within
the DegU autoactivating pathway.
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Introduction
When the Gram-positive Bacillus subtilis bacterium encoun-
ters nutrient limitations and enters the stationary growth
phase, it can engage in multiple adaptation strategies such as
the secretion of extracellular proteases, bioﬁlm formation,
uptake of exogenous DNA (competence) or production of
highly resistant endospores (Dubnau and Lovett, 2002; Piggot
and Losick, 2002; Tjalsma et al, 2004). Activation of the
competence or sporulation pathway only occurs in part of the
population (Smits et al, 2006). Since there are clearly two
distinguishable cell types in both cases, this phenotypic
variation was described as exhibiting bistability (Fujita et al,
2005; Maamar and Dubnau, 2005; Smits et al, 2005; Veening
et al, 2005).
A key feature of B. subtilis is its ability to produce large
quantities of extracellular proteases (exoproteases). Both aprE
(subtilisin) and bpr (bacillopeptidase) genes encode such
proteolytic enzymes that are secreted and degrade proteins
from the environment (Msadek, 1999). Besides proteins
present in the growth medium, these proteases can also act
on fragments released from (dead) cells present within the
stationary phase culture. Expression of both aprE and bpr is
under the control of the DegS–DegU two-component system
(Ogura et al, 2001; Mader et al, 2002). Recent work has shown
that DegU is a master regulator for multicellular behavior and
that there are categories of genes within its regulon that
respond to either high or low levels of DegUBPand the genes
coding for exoproteases require high levels of DegUBP
(Kobayashi, 2007; Verhamme et al, 2007). For DegU to activate
aprE gene expression, it needs to be phosphorylated by the
cytoplasmicDegS sensor protein(Mukaiet al, 1990; Dahl et al,
1991). The exact biochemical nature of the signal that causes
activation of DegS remains elusive, although it has been
shown that the regulatory cascade can be activated under
conditions of salt stress (Kunst and Rapoport, 1995). In vivo
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(Sanchez and Olmos, 2004). Sequence and transcription
analyses indicate that there are two putative binding sites
for the DegU dimer within the aprE promoter (http://
dbtbs.hgc.jp/; Shimane and Ogura, 2004). In addition to
positive regulation by DegUBP, aprE is under direct negative
control of at least three other transcriptional regulators (AbrB,
SinR and ScoC) (Msadek et al, 1993; Msadek, 1999).
Interestingly, all of these regulators are under direct or indirect
negative control of the key sporulation regulator Spo0ABP
(Fujita et al, 2005). Thus, when nutrients become limiting,
signals that feed into the sporulation pathway will, besides
regulating initiation of spore formation, also result in de-
repression of the aprE promoter. Taken together, it seems that
the aprE gene-regulatory network can be envisaged as a logic
AND circuit, for which a threshold level of both dimerized
DegUBPandSpo0ABPisrequiredtoactivategeneexpression
(Figure 1B).
Presence of such an intriguing network motif led us to
investigate the expression proﬁle of the aprE-activating
system. Using both genome-wide and single-cell analyses,
we show that within a liquid stationary phase culture of
isogenic B. subtilis cells, at least three different cell types can
be distinguished: (1) endospore-containing cells,(2) cells with
no or low levels of aprE/bpr expression (‘OFF’) and (3) cells
with high levels of aprE/bpr expression (‘ON’). To understand
the mechanisms and dynamics that underlie heterogeneity in
aprE expression, we have built an integrative mathematical
model based on our new results combined with previously
published results. We demonstrate that the observed station-
ary phase multistability (‘ON’,‘OFF’ and endospore formers)
can be generated by the underlying heterogeneity in the levels
ofthetwomasterregulatorsofproteaseproduction: Spo0ABP
and DegUBP. This indicates that B. subtilis can utilize a
remarkably simple strategy to generate multistability without
the necessity to create a complex switch with multiple steady
states. Furthermore, our mathematical study demonstrates
how a transcriptional regulator can govern a time-dependent
heterogeneous expression of its target genes.
Results
Identifying stationary phase heterogeneity
Previously, it has been shown that only part of a B. subtilis
culture forms endospores and that the positive feedback
architectureofthe sporulationregulatorypathwayis pivotalin
thisbistabledevelopment(Chungetal,1994;Fujitaetal,2005;
Veeningetal,2005).As mosthigh-throughput geneexpression
experiments in the stationary growth phase have been
performed on the basis of population-wide studies, little is
known about the gene expression proﬁles of the speciﬁc
subpopulations (Fawcett et al, 2000; Eichenberger et al, 2004).
To investigate stationary phase heterogeneity of B. subtilis,w e
developed a method using buoyant density gradient centrifu-
gation to separate endospore-containing cells from vegetative
cells (see Materials and methods). Total RNA was extracted
frombothfractions(vegetativecellsandendospore-containing
Figure 1 aprE activation by a logic AND gate. (A) Kinetic scheme showing the reactions used to generate the computational model. Dotted boxes show the DegU
system, which includes positive feedback and the bistable sporulation switch. Thin arrows represent basal transcription reactions, whereas thick arrows represent
activated levels. For simplicity of the scheme, several reactions are omitted (e.g. SinR binding/dissociation, degradation of mRNA/proteins). (B) Cells require both
DegUBP AND Spo0ABP to activate aprE transcription.
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Genes that were signiﬁcantly overexpressed in one fraction
compared to the other were analyzed using the FIVA software
(Blom et al, 2007). This particular software aids in identifying
functional proﬁles based on gene expression data and
generates an overview of affected biological processes show-
ing which gene-regulatory pathways are differentially
expressed (Supplementary Figure S1). The endospore fraction
differentially expresses only a small number of genes
compared to vegetative cells, which could still be detected by
our microarray experiment (see Materials and methods). The
vegetative cells however appear to express several different
gene-regulatory pathways. First of all, the Spo0A (initiation of
sporulation) and SigH and SigE (early sporulation sigma
factors) regulons are upregulated in the average of the
vegetative cell fraction compared to the endospore fraction.
This suggests that parts of the vegetative cells are still in the
process of forming an endospore. Secondly, vegetative cells
within the sporulating culture have activated members of the
SigD (motility) and ComA (competence development and
surfactin production) regulons. Non-spore formers were also
shown to express genes involved in the utilization of overﬂow
metabolites (CcpA, SigL regulon). However, the most signiﬁ-
cant regulon that was overrepresented in the vegetative
subpopulationwastheDegUregulon(SupplementaryFigureS1).
To validate the DNA-microarray experiments, some of the
top hits from each category were tested for their putative
heterogeneous expression. Therefore, promoter-GFP fusions,
which allow single-cell analyses, were constructed (Figure 2).
As expected, we observed heterogeneous expression of the
genes acoA (acetoin uptake, CcpA/SigL regulon), sunA
(lantibiotic,AbrB/ComA/Rokregulon),srfA(surfactinsynthe-
tase and competence development, ComA regulon) and hag
(ﬂagellin protein, SigD regulon). In all of these cases,
expression was either not present or reduced in endospore-
containing cells after overnight growth (Figure 2, arrows).
Expression from the acoA promoter was activated when cells
entered stationary phase and this occurred in all cells of the
population. The sunA and srfA reporters, however, were
already activated during the exponential growth phase. The
hag reporter was expressed in a bistable fashion during the
exponential growth phase, and chained exponentially growing
cells do not express hag whereas single cells do, as reported
before (Kearns and Losick, 2005). When cells entered the
stationary growth phase, however, all cells express GFP from
the hag promoter.
Reporter strains of two members of the DegU regulon, bpr
and aprE, stood out compared to the other strains. Similar to
the other strains, expression of GFP from the aprE and bpr
promoterswasnot,oronlytolowlevels,presentinendospore-
containing cells. However, in contrast to the other reporter
strains, only part of the vegetative subpopulation highly
expresses bpr and aprE (Figures 2 and 3C). Thus, in stationary
phase cultures, three distinct cell types could be identiﬁed: (1)
highly expressingaprE or bprcells, 2) cells that do not (oronly
at low levels) express aprE or bpr and (3) sporulating cells
(that do not, or not anymore, express aprE or bpr) (Figure 2).
The ratio of cells highly expressing aprE or bpr appeared to
depend on the sporulation efﬁciency of the culture (see
Results).
Heterogeneous expression of degU
To investigate whether the observed heterogeneity in aprE
expression could originate from heterogeneous expression of
its activator, promoter GFP reporter strains were constructed.
Since degU lies downstream in an operon with degS, two
strains were constructed: the upstream region of degS (PdegS)
fusedto gfpand theupstream region ofdegU(PdegU), including
Figure2 StationaryphaseheterogeneityinB.subtilis.StrainsacoA-gfp,hag-
gfp,srfA-gfp,sunA-gfp,bpr-gfpandaprE-gfpweregrowninTYmediumandcells
were collected for phase-contrast and ﬂuorescence microscopy. Time is given in
hours relative to the transition point between exponential and stationary growth
phases (T0). Left panels are from T¼ 2, middle panels T¼5 and right panels
T¼20. Images are an overlay of both channels. Arrows indicate endospore-
containing cells.
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homogeneously expressed and mainly activated in the
stationary growth phase. degU is not, or only to low levels,
expressed in exponentially growing cells. Interestingly, ex-
pression of degU is more heterogeneous compared to degS
expression during the stationary growth phase (Figure 3B,
arrows). Total DegU protein levels and degU RNA levels were
shown to be highest at this point in growth (Hata et al, 2001;
Kobayashi, 2007), consistent with our GFP expression data.
While degS shows reduced expression after overnight growth
in sporulating cultures, part of the population still strongly
expresses degU.
Figure 3 Heterogeneous expression of degU. Strains (A) A:degS-gfp and (B) A:degSU-gfp were grown in TY medium and cells were collected for phase-contrast
and ﬂuorescence microscopy. Time is given in hours relative to the transition point between exponential and stationary growth phases (T0). Images are an overlay of
both channels. Arrows indicate heterogeneously expressing cells. (C) Quantiﬁcation of ﬂuorescence microscopy images. Micrographs were quantiﬁed and plotted as
histograms. Every bin represents a certain percentage of the total population with an average ﬂuorescence level in arbitrary units (AU) within that bin (N¼cell count).
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is activated in the stationary growth phase and shows a
unimodal but long-tailed distribution (Figure 3C). Expression
levels of degS and degU are signiﬁcantly lower than aprE and
are just above background levels. degU levels are signiﬁcantly
higher than degS (42 times). As shown in Figure 3C, the
highest bin of ﬂuorescence of PdegU-gfp is 126 arbitrary
ﬂuorescence units (AU) above background levels compared to
675AU for PaprE-gfp. Furthermore, the exposure times required
to capture PdegU-gfp and PdegS-gfp is twice comparedtothat used
to capture PaprE-gfp cells. Importantly, the distributions of cells
that express GFP from either degU or aprE are quite different.
This suggests that besides activation of degU, another condition
needs to be met to highly activate aprE expression.
Positive feedback within the DegU system
Using a genome-wide approach, it was shown that over-
production of DegUhy, a constitutively active mutant protein
of DegU, leads to induced degU (Mader et al, 2002). This
suggests the presence of a positive feedback loop in degU
activation. In fact, a putative DegUBP binding site for degU is
located downstream of the degS promoter (Msadek et al, 1990;
Dartois et al, 1998). To test whether DegUhy overexpression
was able to activate GFP production from the degS and/or
degU promoter, weconstructed a strainwheredegUhy is under
the control of the isopropyl-b-D-thiogalactosidase (IPTG)-
induciblehyper_spankpromoterandintroduced thisconstruct
in the relevant reporter strains. As shown by ﬂuorescence
microscopy, artiﬁcial induction of DegUhy was unable to
activate transcription from the degS promoter and might even
repress degS transcription (Figure 4A). In the absence of a
wild-type copy of degU, induction of DegUhy activates
transcription from the degU promoter and all cells are
homogeneously induced. When DegUhy is induced in the
presence of degU, thus in the presence of positive feedback, a
clear bistable expression pattern is observed in that part of the
population does not express GFP and part of the population
highly expresses GFP from the degU promoter. Taken together,
these results indicate (1) the presence of positive feedback
within the DegU system (Figure 4B) and (2) DegUBP
autostimulation leads to heterogeneous degU expression
(Figure 4C). Thus, DegUBP autostimulation might be
important for heterogeneous aprE expression.
Maximal aprE expression requires DegU
autostimulation
To examine how DegU autostimulation contributes to aprE
heterogeneity, we introduced the IPTG-inducible DegUhy
construct in the aprE-gfp reporter strain. The resulting strain
(aprE-gfp/hy) was grown in the presence of different
concentrations of IPTG and examined by ﬂow cytometry
(Figure 5). Flow cytometry allows us to conveniently probe a
large number of cells. The experiment was performed during
the exponential growth phase to prevent putative inﬂuences
derived from stationary phase population heterogeneity. As
shown in Figure 5A, in the wild-type background (with
autostimulation), induction of DegUhy with IPTG activates
aprE gene expression, and already at low inducer concentra-
tions, part of the population highly expresses GFP. To examine
whether degU autostimulation is crucial for aprE expression,
we removed the positive feedback by replacing the native
degSU locus with an antibiotic resistance marker. As shown in
Figure 5B and C, aprE gene expression is also efﬁciently
activated in the degSU mutant background, and the average
ﬂuorescence is only slightly less in the mutant background,
especially at low levels of DegUhy induction. However, when
we speciﬁcally look at the subpopulation of cells that highly
express aprE-gfp (4channel 530), the differences between
wild type and the degSU mutant are signiﬁcant at lower
IPTG levels (Po0.05, t-test, 25, 50, 75 and 100mM IPTG)
(Figure 5D). At longer induction times, however, aprE-gfp
expression levels are signiﬁcantly higher in the degSU mutant
(Po0.001, Student’s t-test; Supplementary Figure S5).
aprE heterogeneity is modulated by Spo0ABP
If heterogeneity of degU expression is solely responsible for
heterogeneity in aprE expression, why are the population
distributionsofthetworeporterstrainsodifferent(Figure3C)?
Besides the positive regulation of aprE gene expression by
DegUBP, it was shown that aprE is negatively regulated by a
number of transcriptional repressors (AbrB, ScoC and SinR).
All of these are under direct or indirect negative control of
Spo0ABP, the master sporulation regulator (Msadek et al,
1993; Kunst et al, 1994; Msadek, 1999). Expression of abrB is
repressed at low levels of Spo0ABP and scoC in its turn is
activated by AbrB (Perego and Hoch, 1988; Fujita et al, 2005).
Deactivation of SinR is achieved by Spo0ABP-dependent
activation of the antagonist SinI (Bai et al, 1993). It was shown
that aprE expression is strongly reduced in a spo0A mutant
background (Ferrari et al, 1986, 1988; Olmos et al, 1996). This
indicatesthatinthenaturalsituation,thepresenceofDegUBP
alone is not sufﬁcient to activate aprE gene transcription.
Previous studies on aprE and degU regulation were all
performed on whole populations and never at the single-cell
level. Since initiation of sporulation by Spo0ABP only occurs
inasubpopulationofcells(Chung etal,1994;Gonzalez-Pastor
etal,2003),weexaminedtowhichextentSpo0Acontributesto
the heterogeneous expression pattern of aprE. Therefore, we
introduced a spo0A mutation into our single-cell reporter
strain (aprE-gfp/D0A). Flow cytometry experiments demon-
strate that without a functional spo0A gene, aprE is not or only
to low levels expressed after overnight growth in TY medium
(tryptone/yeast extract) (Figure 6A). As expected, a culture of
a strain mutant for degU does not exhibit highly expressing
aprE cells as well (Figure 6A). Actual spore formation is not
required for aprE expression, as a strain mutant for SigF (aprE-
gfp/DsigF), a sporulation-speciﬁc sigma factor that acts
downstream of Spo0A, still signiﬁcantly expresses aprE
(Figure 6A). To quantify the differences between strains, we
measured the average ﬂuorescence of each strain of eight
biological replicates using ﬂow cytometry (Table I). Taken
together, these results showthat aprE-gfp expression levels are
signiﬁcantly reduced in the spo0A and degU mutants.
To corroborate the intertwinement of the DegU with the Spo0A
system, we tested the aprE-gfp response to DegUhy in the absence
of the negative regulator AbrB. As shown in Figure 6B, expression
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sensitive to induction of DegUhy in the abrB mutant background
compared to the wild-type strain. Induction of DegUhy in a spo0A
mutant background was able to activate aprE gene expression
although the response was delayed and reduced (Supplementary
Figure S2). This shows that for high aprE expression, the Spo0A-
regulated repressors need to be de-repressed.
Mathematical modeling predicts transient
heterogeneous aprE expression
The simplest interpretation of our results is that heterogeneity
in aprE expression is controlled by the intertwinement of two
signal transduction cascades. First of all, to activate aprE, the
negative control elements (i.e. AbrB, SinR and ScoC) need to
be removed. This happens via activation of the sporulation
regulator, Spo0A, which is under the control of a bistable
switch (Fujita et al, 2005; Veening et al, 2005). Secondly, to
activate aprE, cells need to activate degU via autostimulated
transcription and for this DegU needs to be phosphorylated by
DegSanddimerize(Figure1A).Weassumethatabasallevelof
degU expression is present even in the non-activated promoter
(see Figure 3) and that the positive feedback of degU is
controlled by DegS-modulated phosphorylation of DegU
(Supplementary Figure S5). Thus, cells that have highly
activated aprE have reacheda threshold levelof both DegUBP
and Spo0ABP. However, when Spo0ABP levels continue to
Figure 4 Positive feedback within the DegU system. Strains (A) degS-gfp/hy, (B) degU-gfp/hy/DdegU and (C) degU-gfp/hy were grown in TY medium and induced
with1mMIPTGat themid-exponentialgrowth phase.After 3hofinduction, cellswere collected for phase-contrast andﬂuorescencemicroscopy. Images arean overlay
ofbothchannels.Micrographswere quantiﬁedandplotted ashistograms.Everybinrepresentsacertainpercentageofthetotal populationwithan averageﬂuorescence
level above background in arbitrary units (AU) within that bin (N¼cell count).
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expression diminishes (see Discussion). It was shown that
Spo0ABP indirectlyactivates degU at low levels and represses
it at high Spo0ABP levels (Fujita et al, 2005), indicating the
presence of more complex regulation than described here. For
simplicity, these interactions were not taken into account.
Simulations indicate that the putative coupling between degU
expression and Spo0ABP levels does not qualitatively alter
the conclusions of the model (data not shown). Overall, the
system seems to consists of two intertwining networks, which
arebothrequiredtogenerateheterogeneityinaprEexpression.
Taking these parameters into account, we wondered whether
an integrative mathematical model could predict the observed
multistable phenotype (aprE ‘ON’,‘OFF’ and endospores) on
the basis of the proposed logic AND-gate system. Speciﬁcally,
we set out to uncover the mechanism by which the
autoregulatory feedback loop results in a highly variable degU
expression pattern, and how this interplays with the hetero-
geneity of Spo0ABP-controlled repressors AbrB and SinR to
generate transiently heterogeneous production of exopro-
teases.
Theessentialreactionschemeusedformodelingisshownin
Figure 1A. Complete details of reactions, kinetics and the
parameters used are summarized in Materials and methods
and in Table II. The choice of parameter values and their
ranges that result in bistable or monostable behavior of the
DegU system are discussed in Supplementary information. It
should be mentioned that very few of the parameters have
been measured experimentally. Therefore, weconcentrated on
qualitative rather than quantitative predictions of the model.
We ﬁrst modeled the DegU autostimulatory network. We
assume that the rate of increase in the DegU phosphorylation
to dephosphorylation ratio (kph/kdeph) serves as a signal to
activate degU transcription in stationary phase cells. This
hypothesis is consistent with the data presented above. A
deterministic (concentration based) simulation predicts a
hysteretic bistable steady-state response of DegU production
that depends on the rateof DegU phosphorylation (Figure7A).
This means that for a range of dephosphorylation rates, two
steadystatesarepossible.The‘DegUOFF’statecorrespondsto
inactivated levels of degU expression and the ‘DegU ON’ state
corresponds to an almost maximal activation of the positive
Figure 5 Activation of aprE by DegUhy. Strains (A) aprE-gfp/hy and (B) aprE-gfp/hy/DSU were grown in TY medium and induced with IPTG at the mid-exponential
growth phase. After 2h of induction, cells were collected for ﬂow cytometric analyses. At least 12000 cells were measured for each strain. (C) Mean ﬂuorescence of
three independent experiments is plotted for the indicated IPTG concentrations. Error bars indicate the standard error of the mean. Strain aprE-gfp/hy is indicated as
circles(K)andaprE-gfp/hy/DSUisshownasopentriangles(n).(D)Thepercentageofcellswithaﬂuorescencelevelhigherthanchannel530isdepictedasafunction
of IPTG concentration. This cutoff was chosen arbitrarily to highlight the differences of highly expressing cells between the strains. The average value of three
independent experiments is plotted. Error bars indicate the standard error of the mean.
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constructed a stochastic model of the DegU switch. Since very
little is known about the biochemical parameter values
characterizing the DegU system, we performed stochastic
simulations for ranges of parameters that are in the sameorder
as in other two-component systems (see Supplementary
information for more discussion). Because our experimental
results (Figure 3) indicate a unimodal rather than a bimodal
distribution of DegU protein in the wild-type strains under
natural conditions, we ﬁnd that the model most reliably
explains the experimental observations for the parameter
values outside the bistability range but not too far from its
boundary (e.g., as indicated by * in Figure 7A and Supple-
mentaryFigureS7).Fortheseparametervalues,thetransitions
from the OFF to ON state are more likely to occur than the
opposite transition. Therefore, given enough time, all the cells
with a phosphorylation rate above a certain threshold will
activate the autostimulation. However, the time needed for
such activation can be relatively long and highly variable as
indicated by several sample trajectories from the stochastic
simulations (Figure 7B). Therefore, we predict that stochastic
Figure 6 Intertwinement between the Spo0A and DegU circuitries. (A) Strains 168, aprE-gfp, aprE-gfp/D0A, aprE-gfp/DdegU and aprE-gfp/DsigF were grown
overnight in TY medium and cells were analyzed by ﬂow cytometry. (B) Strains aprE-gfp/hy and aprE-gfp/hy/DabrB were grown in TY medium and induced with 1mM
IPTG at the mid-exponential growth phase. Cells were collected for ﬂow cytometric analyses after 1 and 2h of induction. At least 12000 cells were measured for each
strain and representative ﬂow cytometry proﬁles are shown.
Table I Mean ﬂuorescence as determined by ﬂow cytometry
Strain Mean ﬂuorescence (AU)
a
168 (no gfp) 6.2±0.1
aprE-gfp 16.7±3.3
aprE-gfp, Dspo0A 6.7±0.2
aprE-gfp, DdegU 7.2±0.2
aprE-gfp, DsigF 12.2±1.8
aFluorescence is in arbitrary units (AU). The data are based on eight biological
replicates from different cultures measured on different days. For every
measurement, at least 9000 cells were analyzed. The range (±) indicates the
standard error of the mean.
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degUexpressionisthemainsourceofDegUheterogeneityafter
overnight grown cultures. Figure 7C shows that the model
predicts a highly variable DegU distribution within the
population. We do not see a clear bimodal distribution in
agreement with the experimentally measured distribution
(Figure 3). The fraction of cells that highly express DegU
increases with time.
Since a mechanistic model that describes Spo0ABP
bistability does not exist, we decided to use experimentally
measured distributions. Previously, we have described a
double-labeled reporter strain that is indicative of AbrB and
Spo0ABP concentrations in single cells (Veening et al, 2004).
In this strain, the gene encoding the yellow ﬂuorescent protein
(YFP) is under the control of the abrB promoter and the cyan
ﬂuorescent protein (CFP) is under the control of the spoIIA
Table II Parameters used for the simulations
a
Parameter Value Description
kmdeg 10
 2s
 1 Rate of mRNA degradation
kT 4 10
 2s
 1 Rate of translation per mRNA
kpdeg 4 10
 4s
 1 Rate of protein degradation
I0 4 10
 3#/s Transcription rate of degU from inactivated promoter
Im 4.8 10
 2#/s Transcription rate of degU from activated promoter
kd 0.1s
 1 Rate constant of DegU dimer dissociation
kU Equation (8) Rate of degU mRNA transcription
kdeph 0.05s
 1 Rate constant of DegU dephosphorylation
kph 6 10
 3s
 1 Rate constant of DegU phosphorylation
K1 7 # (degU)
10 # (aprE)
Equilibrium constants of DegU dimer binding to DNA promoters
kE Equation (9) Rate of aprE mRNA transcription
Kr1 7 # Dissociation constant of AbrB binding to DNA promoters
Kr2 7 # Dissociation constant of SinR binding to DNA promoters
IE0 2 10
 2#/s Transcription rate of aprE from inactivated promoter
IEm 0.4#/s Transcription rate of aprE from activated promoter
aWe assume a cell volume of 10
 15l and used copy numbers (#) as a unit for effective concentration. 602 # corresponds to 1mM/l concentration.
Figure 7 The mechanism responsible for heterogeneous aprE expression assuggested by modeling. (A)Deterministic model predicts bistability in the level of DegU
protein for the range of phosphorylation rates shown. Within that range, depending on initial conditions, the system can be in either of two stable steady states—high-
DegU (DegU-ON) and low-DegU (DegU-OFF) states. For values above the boundary, the system can be stable only in the ON state. (B, E) Stochastic simulations
demonstratinghighlyvariableswitchingkineticsintostableONstatefrominitiallyOFFstateforDegU(B)andAprE(E).Theparameterkphwassettothevalue0.006s
 1
indicatedby* inpanel A.Initially, the concentrations are atequilibrium forkph¼0.001s
 1 (OFFstate).The dashedlinerepresentsthe result ofdeterministic simulations.
For panels C–F, an ensemble of 5000 cells was simulated. (C) Distribution of DegU levels at different times. (D) Distribution of the repressors used in our simulation.
(F)Distributionof aprE-expressing cells at different times after window opening. Note that the ﬁrst peakin the histogram is not drawn to scale because most of the cells
with AprE OFF are in the ﬁrst bin and that this peak is more spread in actual in vivo single-cell measurements due to autoﬂuorescence.
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have accumulated Spo0ABP (Fujita et al, 2005; Veening et al,
2005, 2008). Quantiﬁcation of cells grown overnight in TY
medium shows that approximately 43% of cells are activated
inspoIIAtranscriptionandnotexpressabrBanymore,whereas
approximately 34% of the population still expresses abrB and
notyetexpressesspoIIA. In thesecultures, approximately22%
of cells have formed endospores and do not visibly express
either CFPor YFP. Since the model does not include endospore
formation, we excluded these events from the statistics and
used a probability of approximately 45% (34/(34þ43)
B45%) that the repressors are active in a cell. Using this
information, we modeled a bimodal distribution of AbrB and
SinR concentrations in single cells (Figure 7D). For simplicity,
we limit the model to account for only two repressors (SinR
and AbrB). Because activity of both repressors is under the
control of Spo0ABP, we assumed that the active repressor
concentration varies proportionally to one another.
An integrated model whereDegUheterogeneity is combined
with the bimodal distribution of the repressors is successful in
generating a heterogeneous aprE expression pattern. Sample
trajectories from the stochastic simulations show that aprE
expression is highly variable between individual cells
(Figure 7E). Importantly, this model predicts that with
increasing time, a larger population of the cells highly
expresses aprE (Figure 7F).
Experimental validation of the model
To test our predictions in vivo, we monitored the single-cell
aprE gene expression pattern over an extended period of time.
As predicted by the model, over time, a larger fraction of cells
highly express aprE. However, after approximately 17h of
growth in vivo in liquid cultures, the aprE subpopulation does
not increase further and rather decreases (Supplementary
Figure S4). This is likely caused by cell death and spore
formation within the culture. Since these events are not
included in the model, the population of aprE-expressing cells
continues to increase with time in our simulations.
Since our model predicts long response times of degU
activation, and subsequently aprE activation, we setout to
determine single-cell trajectories of degU expression. How-
ever, because of the low expression levels of degU, long
exposuretimes arerequired,which induces photo-toxicityand
bleaching. This makes single-cell time-lapse microscopy with
the degU reporter at this moment technically challenging.
Instead, we focused on aprE expression and generated time-
lapse movies of the aprE-gfp reporter strain where we follow
single cells through time and division. Movies were made
where single cells were grown into sporulating microcolonies
and ﬂuorescence was followed at timely intervals (see
Supplementary Movie S1). Cells do not express aprE during
the exponential growth phase, consistent with the results
obtained in liquid media. When cells enter the stationary
growth phase, only a subpopulation of cells activates aprE.
With increasing time, more cells activate aprE (Figure 8A). In
some cases, cells switch off expression of aprE after having the
gene switched on (Supplementary Movie S1). Three sister
pairs were followed from their birth and their individual GFP
concentrations were plotted against time. Comparing siblings
excludes epigenetic, temporal and geographic factors involved
in the decision making to activate aprE. As shown in Figure 8,
cells activate aprE in a highly variable fashion, consistent with
our mathematical model.
Discussion
Heterogeneity in stationary phase gene
expression
Examining stationary phase B. subtilis cultures by both
genome-wide and single-cell analyses revealed substantial
heterogeneity. Genome-wide transcriptome analyses of sub-
populations separated on the basis of their buoyant density
showed that non-spore formers are either in the stage of
becoming spore formers and/or have activated a large variety
of members of other stationary phase processes including
genes required for competence development, motility and the
production of exoproteases. For at least srfA and aprE, it has
been shown biochemically that they are transcribed in an
s
A-dependent fashion and many more s
A-dependent genes
were picked up in the microarray experiment. It has long been
known that although the levels of this major housekeeping
RNA polymerase sigma factor, s
A, remains constant through-
out growth and sporulation, the transcription levels of genes
under its control decrease signiﬁcantly upon entry into
sporulation (Linn et al, 1973). It is unclear whether this
decrease is due to s
A activity regulation or due to its
competition with alternative, sporulation-speciﬁc sigma
factors (Hicks and Grossman, 1996; Fujita, 2000). In any case,
reduced s
A activity of genes that are normally expressed
during growth may very well be responsible for some of the
heterogeneous expression patterns we have observed in
stationary phase cultures, as only part of a culture sporulates.
One of the most interesting heterogeneously expressed
genes is aprE, which encodes subtilisin, an (industrially)
important exoprotease. After overnight growth, three distinct
cell types could be identiﬁed: highly expressing aprE cells,
cells that do not (or to a low level) express aprE and
sporulating cells (that do not, or not anymore, express aprE).
Flow cytometry analysis indicates a long-tailed distribution of
aprE-expressingcells (Figure 6). aprE is underdirectcontrol of
the DegS/DegU two-component system. Therefore, we won-
dered whether degU is also heterogeneously expressed.
Indeed, degU expression is also speciﬁcally activated during
the stationary growth phase and shows a unimodal but long-
taileddistribution.Aheterogeneousexpressionpatternismost
apparentinsporulating culturesafterovernightgrowth,inthat
some cells highly express degU whereas others do to a much
lesser extent (Figure 3). Using synthetic gene-regulatory
networks, it was found that stochasticity in gene expression
(noise), ampliﬁed by positive feedback, can play a major role
in phenotypic variability and can generate bistability (Kærn
et al, 2005). Experiments using an artiﬁcially inducible variant
ofamutantDegUproteinthatisconstitutivelyactive(DegUhy)
show that degU is subject to bistable regulation (Figure 4). In
the absence of a functional degU gene, all cells homogenously
express GFP from the degU promoter upon DegUhy induction,
indicating the presence of positive feedback. Intriguingly, in
thepresenceofawild-typecopyofdegU(i.e.whenthepositive
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observed upon DegUhy induction, with only part of the cells
(extremely) highly expressing GFP from the degU promoter
whereas other cells not expressing (Figure 4C). When we
examine the total DegU protein levels under these conditions
using western blotting, we observe a similar situation in that a
visible increase in total DegU protein levels compared to a
degUmutantcouldnotbedetected(SupplementaryFigureS3).
However, there was substantial proteolytic cleavage. Pro-
longed induction of DegUhy also results in reduced aprE-gfp
expression in the wild-type strain but not in the degSU mutant
(Supplementary Figure S5). These results suggest that the
production of unphosphorylated DegU directly or indirectly
repressesdegUtranscriptionorthat thereis anasyet unknown
mechanism responsible for our observations. Interestingly,
although our experiments clearly show the presence of DegU
autoactivation, this does not result in a bistable expression
pattern of degU in the wild-type strain (Figure 3). We interpret
this result by hypothesizing that the rates of phosphorylation–
dephosphorylation have the values at which the system is
monostable. Genetic perturbations, however, can make the
system bistable (Figure 4). However, DegU autoactivation and
potential bistability are important in establishing a hetero-
geneous aprE expression pattern (Figure 5).
The mechanism behind aprE heterogeneity
For competence development in B. subtilis, it has been shown
that shutdown of basal expression of the master competence
regulatorComKsetsatime-windowforcellsswitching intothe
competent state (K-state) (Leisner et al, 2007; Maamar et al,
2007). Our experimental data suggest a time-window model of
how heterogeneity of aprE gene expression is generated. The
temporal window for aprE expression opens when two
conditions are satisﬁed. Firstly, environmental signals result
in phosphorylation of Spo0A and de-repression of the negative
repressors such as AbrB and SinR. Because only part of the
population reaches the Spo0ABP levels that are required to
relieve the aprE promoter, only part of the population is
primed to activate aprE geneexpression. Secondly,an increase
Figure 8 Single-cell aprE expression trajectories. Individual cells (PaprE-gfp) were followed by time-lapse microscopy. (A) Fluorescence of all cells within the
microcolonyattheindicatedtime(fromthebeginningofthetimelapse;seeSupplementaryMovieS1).Everybinrepresentsthepercentageofthetotalpopulationwithan
average ﬂuorescence level above background in arbitrary units (AU) within that bin (N¼cell count). (B–D) Three sibling pairs were followed in time, after their birth.
Circles depict the ‘left’ and triangles the ‘right’ sister cell. Fluorescence is indicated in arbitrary units above background.
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phorylation rate) results in a higher probability of activating
the degU autostimulatory loop. Thus, only cells that have high
levels of both Spo0ABP and DegUBP will highly express
aprE. The aprE expression window closes when the gradual
increase of Spo0ABP reaches the level required to initiate
endospore formation (Fujita and Losick, 2005) and may also
be affected by additional factors such as cell death, down-
regulation of degU expression or induced DegU proteolysis.
Notably, existence of a bistable response and a gradual
temporal increase in a regulator are not mutually exclusive
but can represent two manifestations of the same phenomen-
on. Indeed, when the system is on the verge of the switching
threshold, many ‘failed’ attempts are required before the
positive feedback is eventually fully activated. Therefore,
bistable systems with parameter values near the switching
threshold show a slow response (see below).
A mathematical model that integrates the conditions
required to activate aprE was indeed successful in generating
a heterogeneous output (Figure 7). Simulations of this model
show that the DegU system acts with a long response time and
displays highly variable switching times. The model predicts
thatwithincreasingtime,morecellsshouldactivateaprE,which
is indeed the case (Figure 8 and Supplementary Figure S4).
Time-series microscopic analysis of the degU reporter strain
grown in batch cultures shows that degU indeed is hetero-
geneously expressed, as predicted by the model. Quantiﬁcation
of the microscopic images from strains aprE-gfp and degSU-gfp
s h o w sa ni n c r e a s eo ft h e s er e p o r t e r sw i t hi n c r e a s i n gt i m e ,
consistent with the ﬂow cytometry data (Figure 3). To directly
testour model, whichpredictsstochasticallyvariableactivation
of aprE expression, automated time-lapse analyses using the
aprE-gfp reporter were performed. This demonstrated that
activationofaprEindeedishighlyvariableamongcells(Figure8
and Supplementary Movie S1). It should be noted that the
growth conditions within microcolonies are different compared
to growth in liquid media, but it nevertheless demonstrates
transient aprE expression as observed in liquid cultures.
A question that arises from our simulations is why the
kinetics of DegU activation is so slow and noisy. Our
simulations indicate that this result is not very sensitive to
parameter values as long as the dephosphorylation rate is
chosen to be on the verge of the bistability region. The results
shown in Figure 7B, C, E and F are performed with a
dephosphorylation rate slightly above the ‘ON’ threshold.
Slow kinetics of bistable switches have been indicated by
earlier studies (Savageau, 2002). The intuitive reason for such
a response within the DegU system is as follows. Before full-
scale feedback activation, intrinsic and extrinsic noise in degU
transcription, translation, phosphorylation and dimerization
reactions will lead to transient formation of the DegUBP
dimer. This formation may lead to positivefeedback ﬁring, but
only very brieﬂy. Indeed with a basal level of DegU synthesis
(before full feedback activation), the concentration of phos-
phorylated dimer is lower than the DNAdissociation constant.
Aftereachﬁring,moreDegUisproduced,butonlypartofthese
molecules is phosphorylated and an even smaller part forms
dimers. These increases in DegUBP dimers only slightly
elevate the probability of the next ﬁring of the positive
feedback. Thus, many consecutive non-probable reaction
events need to occur before the DegUBP dimer concentration
reaches the level where it gives rise to a high probability of
bindingitsautoactivatingsite.Thisexplainstherelativelyslow
response time of the system. Stochastic ﬂuctuations, for
instance, in the DNA-binding rate will speed up the transition,
whereas other ﬂuctuations may slow down the transition. As
the kinetics are determined bya numberof randomevents,the
system is highly sensitive to ﬂuctuations and this explains the
high variability in switching of the DegU system. A similar
mechanism may be responsible for bistability and gradual
activation of Spo0ABP and perhaps other gene-regulatory
networks with a heterogeneous outcome.
Several examples of heterogeneity in isogenic bacterial
populations with bimodal gene expression distributions have
been reported (see Dubnau and Losick, 2006; Smits et al,
2006). In B. subtilis, besides sporulation bistability, it was
shown that the alternative sigma factor SigD, which regulates
motility, is not expressed in early exponentially growing cells
and that the switch from the non-motile to the motile state is
subject to bistable regulation (Kearns and Losick, 2005).
Competence development in B. subtilis was also shown to be a
(transient) bistable process (Suel et al, 2006). The simulations
and experiments reported here indicate one of the possible
mechanisms to generate such bimodality: very slow and
highly variable kinetics can be observed when the system
parameters change just outside the bistable region and only
the ON state is stable. This mechanism will result in an
increase of the ON cells fraction as a function of time. In the
DegU system, negative feedback or additional inputs such as
downregulation of degU and high level of Spo0ABPo r
induced DegU proteolysis may terminate the switching there-
by locking the distribution.
Evolutionary role of heterogeneous exoprotease
production
AprEandBprarescavengingproteinsthataresecretedintothe
growth medium and degrade (large) proteins into smaller
peptides, which can be taken up and used as an alternative
nutrient source (Msadek, 1999). As we report, only part of the
vegetative population highly expresses aprE/bpr. Because
small peptides can presumably be taken up by the entire
population, cells that produce and secrete AprE/Bpr not only
help themselves, but also all the cells within the liquid growth
medium. This could reﬂect a simple form of altruism: a
behavior that decreases the ﬁtness of the altruistic individual
while beneﬁting others (West et al, 2006). Heterogeneity in
aprE gene expression ensures that not all cells commence into
the costly production of AprE, but all cells within the clonal
population beneﬁt from the activity of the exoprotease. Future
research will tell whether this is true altruism where the actors
suffer from their behavior and the whole population beneﬁts,
or whether it is cooperative and that both the actor and the
recipient mutually beneﬁt.
Materials and methods
Strains and growth conditions
Strains and plasmids are listed in Supplementary Tables S1 and S2
respectively. Oligonucleotides are listed in Supplementary Table S3.
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information. TY medium contained tryptone (1%), yeast extract
(0.5%), NaCl (0.5%), MnCl2 (0.1mM) and NaOH (2.8mM). Sporula-
tion medium was prepared as described before (Schaeffer et al, 1965)
and contained dehydrated nutrient broth (0.8%), NaOH (0.5mM),
MgSO4 (1mM), KCl (1g/l), Ca(NO3)2 (1mM), MnCl2 (0.01mM) and
FeSO4 (0.001mM). Strains were grown at 371C and continuously
shaken at 245r.p.m. Overnight growth is typically an incubation time
of 18h after inoculation directly from a  801C glycerol stock. To
generate Figures 2 and 3, cultures were ‘balanced’ by growing them to
mid-exponential phase and subsequently re-diluting into fresh
medium. This protocol was repeated two times before the actual
time-series microscopy experiment was started. Because sporulation
commences later in balanced cultures than in typical ‘overnight’
cultures, later time points (e.g. T¼20) are shown for these
experiments. When required, medium for Escherichia coli was
supplemented with ampicillin (100mg/ml); media for B. subtilis were
supplementedwithchloramphenicol(5mg/ml),tetracycline(6mg/ml),
spectinomycin (100mg/ml), erythromycin (5mg/ml) or kanamycin
(10mg/ml). When indicated, IPTG was added to the medium.
Microscopic and ﬂow cytometric techniques were essentially per-
formed as described before (Veening et al, 2005, 2008) and are
explained in more detail in Supplementary information.
Subpopulation fractionation
To separate spore formers from non-spore formers, we made use of
differences in buoyant densities of these cell types. Buoyant density
gradient centrifugation on B. subtilis cells was successfully adopted
previously to separate competent from non-competent cells and
‘heavy’ spores from ‘light’ spores (Cahn and Fox, 1968; Dean and
Douthit, 1974). Both methods are based on the differences in buoyant
density of cells in different developmental stages. Since early spore
formers contain either a phase-dark or phase-bright endospore and
vegetative cells do not, it was to be expected that the presence of an
endospore alters cellular buoyant density. It was shown previously
that vegetative cells could be separated by mature free spores using
this technique (Dean and Douthit, 1974; Siccardi et al, 1975). Buoyant
density gradient centrifugation can be carried out by centrifugation on
a medium with a high density and low viscosity. Renograﬁn (or
urograﬁn) is a compound that was shown to exhibit no toxic effects on
vegetative cells of B. megaterium (Tamir and Gilvarg, 1966). As
renograﬁn is no longer available on the market, we used Ultravist, a
solution with similar characteristics as renograﬁn. To separate spore
formers (cells containing endospores) from non-spore formers
(vegetative cells), B. subtilis cells (strain iyfp-abrB-icfp-IIA-amyE;
Veening et al, 2004) were grown in sporulation medium. Two and a
half hours after cells had entered stationary growth and the ﬁrst
appearance of cells with an endospore could be identiﬁed, 20ml of
culture was centrifuged for 1min at 12000r.p.m. and the cell pellet
was resuspended in 3ml of a 10% Ultravist-370 solution (Schering
NederlandB.V.,Weesp,TheNetherlands).Thissuspensionwasloaded
on top of an ultracentrifuge tube (Ultra Clear, 14 89mm) containing
a discontinuous layered gradient of 37% (bottom layer) and 33, 31.5,
30and28.5%(toplayer)ofUltravist-370solution.Theloadedgradient
was centrifuged for 1h at 25000r.p.m. under vacuum at 41Ci na
Beckman Ultracentrifuge (Beckman Coulter Nederland B.V., Mij-
drecht, The Netherlands) using rotor SW41. After centrifugation, cells
were extracted from the top layers (vegetative cells) and the pellet
fraction(endospores),washedandfrozeninliquidnitrogenandstored
at  801C, and fractions were later used for RNA extraction.
Successful separation of the different cell fractions was veriﬁed by
microscopy.
Transcriptome analysis
DNA-microarrays containing speciﬁc oligonucleotides for all 4107
open reading frames (ORF) of B. subtilis were prepared as described
(Lulko et al, 2007). RNAwas extracted and prepared for hybridization
as described (Lulko et al, 2007). Two biological replicates were
performed and the DNA-microarray slides contained two probes of
each ORF. Thus, maximally four data points for each gene were
obtained. It should be noted that due to the timely centrifugation
treatment, RNA quality isolated from the recovered cells was
compromised, indicating that the microarray data obtained will not
completely reﬂect the true mRNA state of both subpopulations. Also,
onlya relatively small amount of signal (transcripts) could be detected
for the endospore-containing fraction. Because of this, standard
microarray data analyses could not be effectively used on these data
sets. Therefore, we undertook the following approach: raw data were
subjected to MicroPrep analyses (van Hijum et al, 2003) (without a
Lowess normalization) and genes with a coefﬁcient of variance lower
than 60% were taken into account for further analyses. Genes that
showed a more than two-fold overrepresentation in the vegetative
fraction compared to the endospore fraction were considered to be
downregulated (Supplementary Figure S1,‘down’). Genes with a ratio
(endospore/vegetative cells) higher than 1.6 were considered to be
upregulated in the endospore fraction (Supplementary Figure S1,‘up’)
and genes with ratios between 0.5 and 1.6 were not considered to be
signiﬁcantly different between both fractions (Supplementary Figure
S1,‘not’). The resulting list was subsequently analyzed using the FIVA
software (Blom et al, 2007). Microarray data are accessible from the
publicly available Gene Expression Omnibus repository (http://
www.ncbi.nlm.nih.gov/geo/) under accession number GSE9266.
Modeling procedures
The main ingredients of the model are brieﬂy summarized below:
(1) To decrease the number of unknown parameters, we chose to
model protein synthesis as two elementary reaction steps,
transcription and translation. The rate of translation for both
proteins is modeled as a product of rate constant kT to respective
mRNA concentrations:
!
kE mAprE;
!
kT mAprE
AprE;
ð1Þ
!
kU mDegU;
!
kT mDegU
DegU;
ð2Þ
(2) Rate of mRNA degradation is assumed to be the same for both
messages:
mAprE !
kdegM
; mDegU !
kdegM
; ð3Þ
(3) Rates of degradation and dilution due to cell growth were
assumedtobethesameforalltheproteinsandproteincomplexes:
protein !
kdeg
; ð4Þ
(4) DegU can be phosphorylated or dephosphorylated:
DegU!
kph
DegU P; ð5Þ
DegU P !
kdeph
DegU; ð6Þ
(5) Phosphorylated DegU reversibly forms dimers:
DegU P þ DegU P.
kb
kd
Dim; ð7Þ
(6) Weassumethatpromoterbindingkineticsisfastand,therefore,in
quasi-steady state.
(7) For simplicity, we limit the model to account for only two
repressors: SinRand AbrB. Because activityof both the repressors
is under the control of Spo0ABP, we simpliﬁed the model by
assumingthatactiverepressorconcentrationsvaryproportionally
to one another.
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as follows:
kU ¼ I0
K1
K1 þ½ Dim 
|ﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄ}
probability
Dimerisnotbound
þIm
½Dim 
K1 þ½ Dim 
|ﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄ}
probability
Dimerisbound
ð8Þ
Here I0 is the ﬂux from inactivated promoter, Im is the ﬂux from
activated promoter and K1 is an equilibrium constant of dimer
binding to the promoter site.
(9) Expression of aprE is modulated by the level of the repressors and
the level of the activator, DegUBP dimer. By analyzing the
sequence of the aprE promoter, we conclude that it is capable of
binding two DegU dimers and we assume that both of these are
required for activation. Sequence analysis predicts that binding of
AbrB and DegU dimers is mutually exclusive. On the other hand,
the SinR binding site is more than 200bp upstream of the
transcriptional start site and, therefore, assumed to be indepen-
dent of AbrB and DegU binding:
kE ¼ pR0ðIE0p10 þ IEmp1DÞð 9Þ
Here pR0 is the probability that SinR is not bound:
pR0 ¼
Kr1
Kr1 þ½ SinR 
p10 istheprobabilitythatAbrBisnotboundandnomorethanone
DegU dimer is bound:
p10 ¼
1 þ½ Dim =K1
1 þ½ Dim =K1 þ½ Dim 
2=K2
1 þ½ AbrB =Kr2
p1D is the probability that two DegU dimers are bound:
p1D ¼
½Dim 
2=K2
1
1 þ½ Dim =K1 þ½ Dim 
2=K2
1 þ½ AbrB =Kr2
(10) As the biochemical details causing heterogeneity in the levels of
Spo0ABP in cells are not known, we introduced this hetero-
geneity into the model by drawing concentration of repressors
from a bimodal distribution estimated by analyzing the expres-
sion of the abrB and spoIIA promoters (see Results). Proportional
concentrations for both repressors were assumed.
Parameters used for simulations are summarized in Table II. Our
choiceofparametervaluesisdiscussedinSupplementaryinformation.
Deterministic and stochastic simulations were carried out using Dizzy
(Ramseyetal,2005)andMATLAB
r(MathworksInc.).AnSBMLﬁleof
the model can be downloaded from the journal website.
Supplementary information
Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
Acknowledgements
J-WV was supported by Grant ABC-5587 from the Netherlands
Organization of Scientiﬁc Research, Technology Foundation (NWO-
STW), by a Ramsay Fellowship from the Royal Netherlands Academy
of Arts and Sciences (KNAW) and by a grant from the Biotechnology
andBiologicalSciencesResearchCouncilawardedtoJErrington.LWH
was supported by a Wellcome Trust Research Career Development
Fellowship.OAIwassupportedbyastart-upfundfromRiceUniversity.
We thank David Rudner for the generous gift of plasmid pDR111, Tarek
Msadek for strains and Teruo Tanaka for strains and DegU antibodies.
We thank Esther de Jong for excellent technical assistance, various
members of our labs for critically reading the manuscript and the
anonymous referees for useful comments.
Conﬂict of interest
The authors state that they have no competing ﬁnancial interests.
References
Bai U, Mandic-Mulec I, Smith I (1993) SinI modulates the activity of
SinR, a developmental switch protein of Bacillus subtilis,b y
protein–protein interaction. Genes Dev 7: 139–148
Blom EJ, Bosman DW, van Hijum SA, Breitling R, Tijsma L, Silvis R,
Roerdink JB, Kuipers OP (2007) FIVA: functional information
viewer and analyzer extracting biological knowledge from
transcriptome data of prokaryotes. Bioinformatics 23: 1161–1163
Cahn FH, Fox MS (1968) Fractionation of transformable bacteria from
competent cultures of Bacillus subtilis on renograﬁn gradients.
J Bacteriol 95: 867–875
Chung JD, Stephanopoulos G, Ireton K, Grossman AD (1994) Gene
expression in single cells of Bacillus subtilis: evidence that a
threshold mechanism controls the initiation of sporulation.
J Bacteriol 176: 1977–1984
DahlMK, MsadekT, Kunst F, RapoportG (1991) Mutational analysis of
the Bacillus subtilis DegU regulator and its phosphorylation by the
DegS protein kinase. J Bacteriol 173: 2539–2547
Dartois V, Debarbouille M, Kunst F, Rapoport G (1998)
Characterization of a novel member of the DegS–DegU regulon
affectedbysalt stressinBacillussubtilis.J Bacteriol180:1855–1861
Dean DH, Douthit HA (1974) Buoyant density heterogeneity in spores
of Bacillus subtilis: biochemical and physiological basis. J Bacteriol
117: 601–610
Dubnau D, Losick R (2006) Bistability in bacteria. Mol Microbiol 61:
564–572
Dubnau D, Lovett Jr CM (2002) Transformation and recombination. In
Bacillus subtilis and Its Closest Relatives: from Genes to Cells,
Sonenshein AL, Hoch JA, Losick R (eds), pp 453–471. Washington,
DC: American Society for Microbiology
Eichenberger P, Fujita M, Jensen ST, Conlon EM, Rudner DZ, Wang ST,
Ferguson C, Haga K, Sato T, Liu JS, Losick R (2004) The program of
gene transcription for a single differentiating cell type during
sporulation in Bacillus subtilis. PLoS Biol 2: e328
Fawcett P, Eichenberger P, Losick R, Youngman P (2000) The
transcriptional proﬁle of early to middle sporulation in Bacillus
subtilis. Proc Natl Acad Sci USA 97: 8063–8068
Ferrari E, Henner DJ, Perego M, Hoch JA (1988) Transcription of
Bacillus subtilis subtilisin and expression of subtilisin in
sporulation mutants. J Bacteriol 170: 289–295
Ferrari E, Howard SM, Hoch JA (1986) Effect of stage 0 sporulation
mutations on subtilisin expression. J Bacteriol 166: 173–179
Fujita M (2000) Temporal and selective association of multiple sigma
factors with RNA polymerase during sporulation in Bacillus
subtilis. Genes Cells 5: 79–88
Fujita M,Gonzalez-PastorJE,LosickR (2005)High-andlow-threshold
genes in the Spo0A regulon of Bacillus subtilis. J Bacteriol 187:
1357–1368
Fujita M, Losick R (2005) Evidence that entry into sporulation in
Bacillus subtilis is governed by a gradual increase in the level and
activity of the master regulator Spo0A. Genes Dev 19: 2236–2244
Gonzalez-Pastor JE, Hobbs EC, Losick R (2003) Cannibalism by
sporulating bacteria. Science 301: 510–513
Hadden C, Nester EW (1968) Puriﬁcation of competent cells in the
Bacillus subtilis transformation system. J Bacteriol 95: 876–885
Hata M, Ogura M, Tanaka T (2001) Involvement of stringent factor
RelA in expression of the alkaline protease gene aprE in Bacillus
subtilis. J Bacteriol 183: 4648–4651
HicksKA, GrossmanAD (1996) Alteringthe level and regulationof the
major sigma subunit of RNA polymerase affects gene expression
and development in Bacillus subtilis. Mol Microbiol 20: 201–212
Kærn M, Elston TC, Blake WJ, Collins JJ (2005) Stochasticity in gene
expression: from theories to phenotypes. Nat Rev Genet 6: 451–464
Transient heterogeneity in B. subtilis
J-W Veening et al
14 Molecular Systems Biology 2008 & 2008 EMBO and Nature Publishing GroupKearns DB, Losick R (2005) Cell population heterogeneity during
growth of Bacillus subtilis. Genes Dev 19: 3083–3094
Kobayashi K (2007) Gradual activation of the response regulator DegU
controls serial expression of genes for ﬂagellum formation and
bioﬁlm formation in Bacillus subtilis. Mol Microbiol 66: 395–409
Kunst F, Msadek T, Bignon J, Rapoport G (1994) The DegS/DegU and
ComP/ComA two-component systems are part of a network
controlling degradative enzyme synthesis and competence in
Bacillus subtilis. Res Microbiol 145: 393–402
Kunst F, Rapoport G (1995) Salt stress is an environmental signal
affecting degradative enzyme synthesis in Bacillus subtilis. J
Bacteriol 177: 2403–2407
Leisner M, Stingl K, Radler JO, Maier B (2007) Basal expression rate of
comK sets a ‘switching-window’ into the K-state of Bacillus subtilis.
Mol Microbiol 63: 1806–1816
Linn TG, Greenleaf AL, Shorenstein RG, Losick R (1973) Loss of the
sigma activity of RNA polymerase of Bacillus subtilis during
sporulation. Proc Natl Acad Sci USA 70: 1865–1869
Lulko AT, Buist G, Kok J, Kuipers OP (2007) Transcriptome analysis of
temporal regulation of carbon metabolism by CcpA in Bacillus
subtilis reveals additional target genes. J Mol Microbiol Biotechnol
12: 82–95
Maamar H, Dubnau D (2005) Bistability in the Bacillus subtilis K-state
(competence) system requires a positive feedback loop. Mol
Microbiol 56: 615–624
Maamar H, Raj A, Dubnau D (2007) Noise in gene expression
determines cell fate in Bacillus subtilis. Science 317: 526–529
Mader U, Antelmann H, Buder T, Dahl MK, Hecker M, Homuth G
(2002)Bacillussubtilis functional genomics: genome-wide analysis
of the DegS–DegU regulon by transcriptomics and proteomics. Mol
Genet Genomics 268: 455–467
Msadek T (1999) When the going gets tough: survival strategies and
environmental signaling networks in Bacillus subtilis. Trends
Microbiol 7: 201–207
Msadek T, Kunst F, Henner D, Klier A, Rapoport G, Dedonder R (1990)
Signal transduction pathway controlling synthesis of a class of
degradative enzymes in Bacillus subtilis: expression of the
regulatory genes and analysis of mutations in degS and degU.
J Bacteriol 172: 824–834
Msadek T, Kunst F, Rapoport G (1993) Two-component regulatory
systems. In Bacillus subtilis and Other Gram-Positive Bacteria,
Sonenshein AL, Hoch JA, Losick R (eds), pp 729–745. Washington,
DC: American Society of Microbiology
Mukai K, Kawata M,Tanaka T(1990) Isolation andphosphorylationof
the Bacillus subtilis degS and degU gene products. J Biol Chem 265:
20000–20006
Ogura M, Yamaguchi H, Yoshida K, Fujita Y, Tanaka T (2001) DNA
microarray analysis of Bacillus subtilis DegU, ComA and PhoP
regulons: an approachto comprehensive analysis of B. subtilis two-
component regulatory systems. Nucleic Acids Res 29: 3804–3813
Olmos J, Bolanos V, Causey S, Ferrari E, Bollvar F, Valle F (1996) A
functional Spo0A is required for maximal aprE expression in
Bacillus subtilis. FEBS Lett 381: 29–31
Perego M, Hoch JA (1988) Sequence analysis and regulation of the hpr
locus, a regulatory gene for protease production and sporulation in
Bacillus subtilis. J Bacteriol 170: 2560–2567
Piggot PJ, Losick R (2002) Sporulation genes and intercompartmental
regulation. In Bacillus subtilis and Its Closest Relatives: from Genes
to Cells, Sonenshein AL, Losick R, Hoch JA (eds), pp 483–517.
Washington, DC: American Society for Microbiology
Ramsey S, Orrell D, Bolouri H (2005) Dizzy: stochastic simulation of
large-scale genetic regulatory networks. J Bioinform Comput Biol 3:
415–436
Sanchez A, Olmos J (2004) Bacillus subtilis transcriptional regulators
interaction. Biotechnol Lett 26: 403–407
Savageau MA (2002) Alternative designs for a genetic switch: analysis
of switching times using the piecewise power-law representation.
Math Biosci 180: 237–253
Schaeffer P, Millet J, Aubert JP (1965) Catabolic repression of bacterial
sporulation. Proc Natl Acad Sci USA 54: 704–711
Shimane K, Ogura M (2004) Mutational analysis of the helix–turn–
helix region of Bacillus subtilis response regulator DegU, and
identiﬁcation of cis-acting sequences for DegU in the aprE and
comK promoters. J Biochem (Tokyo) 136: 387–397
Siccardi AG, Galizzi A, Mazza G, Clivio A, Albertini AM (1975)
Synchronous germination and outgrowth of fractionated Bacillus
subtilis spores: tool for the analysis of differentiation and division
of bacterial cells. J Bacteriol 121: 13–19
Smits WK, Eschevins CC, Susanna KA, Bron S, Kuipers OP, Hamoen
LW(2005)StrippingBacillus:ComKauto-stimulationisresponsible
for the bistable response in competence development. Mol
Microbiol 56: 604–614
Smits WK, Kuipers OP, Veening JW (2006) Phenotypic variation in
bacteria:theroleoffeedbackregulation.NatRevMicrobiol4:259–271
Suel GM, Garcia-Ojalvo J, Liberman LM, Elowitz MB (2006) An
excitable gene regulatory circuit induces transient cellular
differentiation. Nature 440: 545–550
Tamir H, Gilvarg C (1966) Density gradient centrifugation for the
separation of sporulating forms of bacteria. J Biol Chem 241:
1085–1090
Tjalsma H, Antelmann H, Jongbloed JD, Braun PG, Darmon E,
Dorenbos R, Dubois JY, Westers H, Zanen G, Quax WJ, Kuipers OP,
Bron S, Hecker M, van Dijl JM (2004) Proteomics of protein
secretion by Bacillus subtilis: separating the ‘secrets’ of the
secretome. Microbiol Mol Biol Rev 68: 207–233
van Hijum SA, Garcia de la Nava J, Trelles O, Kok J, Kuipers OP (2003)
MicroPreP: a cDNA microarray data pre-processing framework.
Appl Bioinform 2: 241–244
Veening JW, Hamoen LW, Kuipers OP (2005) Phosphatases modulate
thebistablesporulationgeneexpressionpatternin Bacillussubtilis.
Mol Microbiol 56: 1481–1494
Veening JW, Smits WK, Hamoen LW, Jongbloed JD, Kuipers OP (2004)
Visualization of differential gene expression by improved cyan
ﬂuorescent protein and yellow ﬂuorescent protein production in
Bacillus subtilis. Appl Environ Microbiol 70: 6809–6815
VeeningJW,StewartEJ,BerngruberTW,TaddeiF,KuipersOP,Hamoen
LW (2008) Bet-hedging and epigenetic inheritance in bacterial cell
development. Proc Natl Acad Sci USA 105: 4393–4398
Verhamme DT, Kiley TB, Stanley-Wall NR (2007) DegU co-ordinates
multicellularbehaviourexhibitedbyBacillussubtilis.MolMicrobiol
65: 554–568
West SA, Grifﬁn AS, Gardner A, Diggle SP (2006) Social evolution
theory for microorganisms. Nat Rev Microbiol 4: 597–607
MolecularSystemsBiologyisanopen-accessjournal
publishedbyEuropeanMolecularBiologyOrganiza-
tion and Nature PublishingGroup.
This article is licensed under a Creative Commons Attribution-
Noncommercial-No Derivative Works 3.0 Licence.
Transient heterogeneity in B. subtilis
J-W Veening et al
& 2008 EMBO and Nature Publishing Group Molecular Systems Biology 2008 15